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ABSTRACT 

Pulsed amperometric detection (p.a.d.) has recently gained prominence as a sensitive detection 
system for polar aliphatic organic compounds separated by liquid chromatography (l.c.). P.a.d. is based on 
the application of triple-step potential waveforms to incorporate amperometric detection with alternated 
anodic and cathodic polarizations to clean and reactivate electrode surfaces. These polarization steps result 
in the maintenance of uniform electrode activity for detection of organic compounds that typically are 
observed to “foul” noble metal electrodes during extended periods of amperometric detection at constant 
(dc) applied potential. Carbohydrates are easily separated with anion-exchange chromatography using 
alkaline mobile phases, and these alkaline conditions are appropriate for the direct detection of all 
carbohydrates at Au electrodes by p.a.d. The voltammetric and chronoamperometric responses are de- 
scribed here for selected carbohydrates, and guidelines are given for selection of optimal potential and time 
parameters in the waveform to be used for l.c.-p.a.d.. 

INTRODUCTION 

Pulsed amperometric detection (p.a.d.) has gained prominence over the last 
decade as a sensitive detection system for sugar alcohols, monosaccharides, and oligo- 
saccharides following their separation by liquid chromatography (kc.)‘. Detected also 
are amino alcohols, amino glycosides, amino acids, and some sulfur compounds. Most 
frequently, p.a.d. is applied at Au electrodes under alkaline conditions (pH > 12) in 
miniature flow-through electrolysis cells’. The advance of robust, alkali-tolerant, po- 
lymer-based, ion-exchange phases has complemented p.a.d., and carbohydrates are 
now easily separated by anion-exchange chromatography using alkaline mobile phas- 
es3. Sensitivity for monosaccharides in l.c.-p.a.d. is comparable for aldoses and ketoses 
with detection limits of - l-10 pmoles. The sensitivity of p.a.d. for simple alcohols is 
better at Pt than at Au electrodes, with acceptable detectability even under acidic 
conditons. A review of l.c.-p.a.d. has recently been published4. 

The significance of p.a.d. within chemical and biochemical analysis can be best 
appreciated in view of the commonly held impression, based on attempted detections at 
constant (dc) applied potential, that aliphatic compounds are generally not electroac- 
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tive. Furthermore, aliphatic compounds do not possess chromophoric or fluorophoric 
groups, and, hence, direct and sensitive detection by photometric techniques is not 
possible. Conversely numerous aromatic compound (e.g., phenols, aminophenols, 
catecholamines, and other metabolic amines) are detected very easify by anodic reac- 
tions at a constant (dc) applied potential at inert electrodes, including those of Au, Pt, 
and carbon’. Thus, a brief consideration of the difference in reactivities is appropriate. 

Electronic resonance in aromatic, conjugated molecules can function to stabilize 
free-radical intermediate products of anodic oxidations, and, as a consequence, the 
activation barrier for electrochemical reaction is significantly lowered. In contrast, 
absence of a-resonance stabilization in aliphatic compounds results in very low oxida- 
tion rates, even though the reactions may be thermodynamically favored”. Alternately, 
StabiIization of free-radical products can be achieved oia adsorption to the surface of 
noble metal electrodes which have empty d-orbitals. Unfortunately, adsorption of 
organic molecules and free radicals frequently has the consequence of fouling of the 
electrode and loss of reactivity’. Hence, observations of non-reactivity for aliphatic 
compounds at noble metal electrodes can be attributed commonly to surface fouling as 
a result of high but transient catalytic activity. 

The technique of p.a.d. utilizes triple-step potential-time (E-t) waveforms which 
incorporate the processes of ampcrometric detection with alternated anodic and catho- 
dic polarizations to clean and reactivate the electrode surface (see Table I). The 
detection potential (E,) in the waveform is chosen to be appropriate for the desired 
surface-catalyzed reaction, and the electrode current is sampled during a short time 

Fig. 1. Chronoam~rometric response (i-t) following a potential step from E, to E, in the p.a.d, waveform 
(a) without and (b) with analyte present to illustrate the origins of chromatographic baseline and peak 
signals in l.c.-p.a.d.. The delay prior to current sampling is denoted by td. 
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Separations were performed using a CarboPac-PA1 separator column (Dionex 
Corp., Sunnyvale, CA) in an isocratic-gradient chromatography system (Dionex). 
Post-column addition of reagent was by a Reagent Delivery Module (RDM, Dionex). A 
37%,YL woven reactor was placed after the “mixing-tee’ to mix the reagent and eluant 
streams. Injection volumes were 2.5~pL. 

Pulsed detection was performed with a Model PED (Dionex) at an Au working 
electrode with an Ag/AgCl reference electrode. The method ofcurrent sampling in PED 
is by digital integration, and, therefore, signal output is electronic charge (q) with units 
ofcoulombs (coul.). Signal output in p.a.d. is electrode current (i) with units of coul. SK’. 
Interconversion of units can be made uia i = q/ti, where ti is the period of signal 
integration. Data were collected with an IBMTM -AT-compatible computer with an 
Advanced Computer Interface (Dionex) and AI-450 software. 

Procedures. - Potential-time waveforms used to obtain the p.a.d. data presented 
here were simulated using a programmable PED system (Dionex). This strategy allowed 
for an in-depth study of many of the parameters inherent to p.a.d. However, it is 
important to note, that the analog circuitry of a PAD (Dionex) unit is less noisy than the 
digital circuitry of a PED unit. Thus, application of the principles presented in this paper 
will be equivalent or better using PAD instrumentation. The PAD unit is limited in 
selectability of all time parameters. 

All electrochemical reactions occur as a sequence of finite steps. Hence, if the rate 
of one particular step is significantly slower than all other steps, the electrode current is 
limited by the slow step in the reaction mechanism. In the simplest imaginable case, the 
sequence of steps in an electrochemical reaction includes (i) the convective-diffusional 
transport of reactant from the solution of the electrode surface, (ii) dissociative and/or 
other chemical processes which accompany conversion of the reactant species into the 
appropriate activated state, and (iii) the actual transfer of electronic charge across the 
electrode--solution interface. Furthermore, as in the reactions of aliphatic compounds 
at noble metal electrodes, the nature of the electrode can be very influential by way of 
adsorptive interactions with the reactant (or reaction product). It is important, in the 
development of amperometric and voltammetric sensors, to characterize the electrode 
reaction as to the nature of the rate-controlling process. This is necessary to interpret 
sensor response to changes in operating conditions and concentration of reactant. 

The development of p.a.d. in our laboratory usually begins with an examination 
of voltammetric response at rotated disk electrodes (r.d.e.s) in large electrolysis cells. 
The current (i) produced at the r.d.e. is described by the Koutecky-Levich equation” 
(eq. 1) given below. 

i= nFADCb 
1 .61D”3v”6w - ‘D + D/k,,, (1) 

In Eq. 1: n is the number of electrons (equiv. mol-‘), F is the Faraday constant (96 486.6 
coul. equiv-I), A is the geometric surface area of electrode (cm’), D is the diffusion 
coefficient of reactant (cm2. SK’), w is the electrode rotational velocity (rad. SK’), u is the 
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kinematic viscosity ofsolution (cm’s ‘I. Ch is the bulk concentration of reactant (mol. 

cm ‘L kAFP is the apparent rate constant of the heterogeneous reaction (cm s I). Ifli.,l,,, 

> > 0. i.c.. D,&,, -+ 0. the electrode response is under rron.sporr control. and an i- )t,’ ’ 
plot is linear with a zero intercept. Negative deviation from a linear I-u.~ .’ plot, usualI? 

for large ii’ values. indicates ;I finite value for A,,,,. Such ii condition is described as 

corresponding to nzi.~ricontrol. For small values ofk,,,, . the term 13 A”!,,+ dvminatc’s the 
denominator in Eq. 1, and the current response is independent of 14’. as ptver~ by Ey. Z. 

Theeffect of variation ofrotation speed for the r.d.e. is similar 10 \,ariation offlow rate in 
an l.c. system with electrochemical detection in that changes in roration speed and flom 
rate alter the linear velocity of fluid passing over the electrode surface which. in turn. 
controls the thickness of the diffusion layer. 

Generally, the effect of variation of potential scan rate (vi, is also determined fog- 
the voltammetric data (i ME). A linear ik,~ response usuall?; indicates contribution of 
.sur/irc,c-controlled processes corresponding to a 1:aradaic reaction of the electrode 

surface and/or reaction of species accumulated on the electrode surface at potential 
values ivhen no reaction occurred. 

RESIJI.TS AND OISC‘lJSSIOU 

C’~~ltrtmmrtr~. ~~~ The current-~potential (i -E) response is shown in Fig. I! for an 

Au r.d.e. in 0.1 M NaOH with (----) and without ( ) I)-pluco~c in the absence oi 

dissolved OL. The residual response for the supporting electrolyte f ) eshihits anodic 

waves on the positive scan III the regions of -- + 0.2 to + 0.7 V rwave A) for oxide 
formation and E > +0.7 \- (wave R) for O? evolution. A cathodic peak obtain4 ~‘n the 
negative scan in the region of _. pi 0.3 to ~- 0. I V iuavt: C‘) cl.3rrecpcmds to tilt: 
dissolution of the oxide formed on the positive scan. When di~oi~ed 0, is prcxenr. the 
cathodic reduction of 0: f. ) occurs in the region of _, 0 ! 10 0 Y v (\\i\vt ITI) for 

both the positive and negative wans. 

With the presence of‘r>-gtucose C----j. a reducing sugar. an ancjdic wave IS abseracd 
on the positive scan beginning at -_ ---(I.6 V (wave E). ThI\ iv;ivc corresponds t0 
oxidation of the aldehyde group ‘IO the carboxylate anion in this alkaline media”. A 
much larger anodic sIgna is obtained for the combined oxidation\ of the alcohol and 
aldehyde groups in the region of - 0.3 to ~0.4 V (iva\~ i’ !. Pk ani,iiic sipnal is 
attenuated abruptly during the positive ?can with onset of oxidc t‘ormatic~~ (\~a\c A). 
The signal for -- A 0.4 to 4 0.h V (wave G) in addrtinn to that ibr oxide formation 
results from the anodic dcsorption of adsorbed n-glucose and,or int<rmediate products 
simultaneously with the formation of surface oxide on the Au electrode. The absence 01 
signal on the negative scan in the region of -. + 0.X to T- 0.2 V indicates the absence c>t 
activity for the oxide-covered electrode surface. Following c‘athodli tlis~<\lut~on +>1‘ the 
oxide on the negative scan ro produce wave c‘, the surface rc”;ictl\.itt. iior ~+zlucos~ 
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Fig. 2. Voltammetric response (i-E) for D-glucose at an Au r.d.e. Conditions: Rotation speed, 1000 rev. 
min -‘; scan rate, 200 mV s-‘; and Ag/AgCl reference electrode. Solutions: (.....) 0. IM NaOH with dissolved 
02; ( -) 0.1~ NaOH, deaerated; and (-----) 0.2mM D-glucose, deaerated. 

ic 

Fig. 3. Voltammetric response (i-E) for four carbohydrates in deaerated 0.1~ NaOH. Positive scans from 
-0.8 to 0.8 V and currents greater than the background residual are shown. Each scan has been offset as 
indicated. Conditions: See caption to Fig. 2. Curves: ( -) Residual; (,,,,,) 0.15mM o-glucitol, offset: 120 
PA; (-...-) 0.15m~ D-fructose, offset; 80 PA; (-.-) 0.15m~ sucrose, offset; 40 PA; and (-----) 0.15mM 
maltose, offset: 0 ,uA. 
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Fig. 5. Maximum current response (i) as a function of concentration for (A) D-glUCitOl, (0) D-glucose, (m) 

D-fructose, (0) sucrose, and (A) maltose. Conditions: See caption to Fig. 2. 

sucrose (see Fig. 3) increases with increasing scan rate, yet shows negligible change as a 
result of variations in rotation velocity, as shown in Fig. 4 (-a-n-n-). These observa- 
tions indicate that wave F for the alcohol groups is under surface control. Maltose 
behaves similarly to sucrose. Fructose is under mixed control. It is important to note 
that the effects described are experimental classifications of the response denoted as 
wave F of each carbohydrate tested, and these results should not be extrapolated to infer 
that the groups of the carbohydrate with which the response is associated is responsible 
for its mechanism of detection. 

One ramification of the differences in controlling mechanism for carbohydrate 
response is reflected in the shape of i-Cb plots. Carbohydrates which undergo transport- 
controlled reactions produce linear plots over larger ranges of Cb than for those 
reactions under surface control. Calibration data are shown in Fig. 5 for five carbo- 
hydrates studied at the Au r.d.e. in 0.1 M NaOH. As expected, the plots for D-glucitol (A) 
and D-glucose (0) are more linear than those for sucrose (0) and maltose (A). The 
response of fructose is intermediate to those of D-glucose and sucrose. Two tentative 
explanations are offered for the nonlinear i-Cb plots for reactions characterized as being 
under surface control. First, the reactant molecules can be strongly adsorbed, and, 
therefore, response is controlled by the adsorption isotherm for that reactant. Second, if 
detection products are strongly adsorbed with the result of surface fouling, the current 
response will be attenuated more abruptly during the positive scan for large values of Cb 
for which full coverage of the surface is achieved more quickly. 

All voltammetric data shown correspond to O,-free solutions to emphasize 
carbohydrate response. Without deaeration, reduction of dissolved 0, produces a 
cathodic wave at E < -0.2 V (see Fig. 2, curve D) which is well-resolved from the 
anodic wave for onset of Au oxide formation (see Fig. 2, wave A). This aspect of Au 
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Fig. 6. Chronoamperometric response (i-t) for carbohydrates at the Au electrode in the 1.cp.a.d. cell 
following the potential step from - 300 mV (E,) to I50 mV (E,) in the p.a.d. waveform. Curves: (A) Residual, 
(B) 1mM o-glucose, and (C) ImM sucrose. Conditions: Column, CarboPac-PA 1; mobile phase, 0.1~ NaOH; 
flow rate, 1 .O mL min’; injection volume, 25-,uL; and p.a.d. waveform, see Table IB (PED). 

sucrose, respectively. For any value t, > - 100 ms (Fig. 6, insert), the anodic responses 
for both D-glucose and sucrose reach a pseudo steady-state value and positive (i.e., 
anodic) peaks are obtained in l.c.-p.a.d. For values oft, in the range 260 to 1260 ms, the 
l.c.-p.a.d. signal for ~,UM samples of the carbohydrates tested (i.e., 100 pmol per 25PL 
injection) exhibit no evidence of current decay. This observation infers that minimal 
electrode “fouling” occurs for carbohydrates detected at low concentrations over the 
lifetime of the p.a.d. waveform. In fact, baseline drift and instability is diminished 
perceptibly with longer delay times, and an optimal value oft, = 860 ms is chosen. Since 
the PAD unit is limited for selectable time parameters, the maximum t, setting of 720 ms 
(Table IB) is chosen in order to have a t, value of maximal duration. 

It is interesting to note for t, < -25 ms in Fig. 6, that the signal for sucrose is 
slightly smaller than the residual current, and, as a consequence, negative peaks would 
result for sucrose. This effect for sucrose is believed to be related to the fact that a 
significant amount of sucrose is adsorbed at E,. Adsorbed molecules cause a significant 
decrease in interfacial capacitance, with the result of a smaller signal for double-layer 
charging, as well as a suppressed rate of formation of the small amount of surface oxide 
normally formed at E, = + 150 mV. Hence, for very small t,, the total signal in the 
presence of sucrose is slightly smaller than the residual signal in the absence of sucrose. 

Fig. 7 shows chromatograms for the separation and detection of five sugars using 
ti values of 20 ms (curve A), 200 ms (curve B), and 800 ms (curve C). The signal-to-noise 
ratios (S:N) for D-fructose (c) in curves A, B, and C are 16,87, and 97, respectively. The 
value of S:N reaches a nearly constant value for ti > - 500 ms and, on this basis, an 
optimal value of ti = 600 ms is chosen. For the PAD unit, the maximum ti of 200 ms is 
chosen. These values of ti are appropriate for all carbohydrates. It should be noted that 
600 and 200 ms are multiples of 16.667 ms (l/60 Hz-‘), which aids in minimizing the 
noise originating from 60-Hz power sources. 
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The anodic response for carbohydrates at a constant (dc) ;rpplied potential ib 
attenuated as the electrode surface becomes fouled by the accumulation of adsorbed 
detection products. The strength ofadsorption and rate offouling vary with the identit) 
of the reactant. and, generally. fouling for oligosaccharides !S more sc\crc than for 
monosaccharide (data not shown). Electrode activity IS quickly regained in the p,a.J. 
waveform by oxidative dcscbrption cjf the adsorbed species ~rmultaneously with the 
formation of surface oxide i El, :-~ - -+ 400 to r600 mVf, followed by cathodic: dis- 

solution of the oxide (E? c c: ~ 100 mV). Currcnt potential curve\: ;*re \ho\nn in Fig. 
8A to illustrate the potential dependency of the oxidntivc ~~laan~n,g proces~s. Thz 
oxidative removal of adsorbed residue from detection of sucrose and r+fructose arc 
designated as waves G. Nottz that the small wave G for sucrose (..‘) is larger in arc:~ and 
located at a slightly more positive potential than that for t)-fructose i ) This trend 

continues as the number of carbohydrate units is increased in the polysaccharide (data 
not shown). Thus, the more strongly adsorbed oligos~lccharidcs and their detection 
products require larger E, values. Recent results indicate that some osidativ,e cleaning 
reactions occur simuitaneousty with 0, evolution due to dopendcnr mechanistic path- 
WayS’4. Thus. to establish a general criterion for effective electrode cleaning, E, should 
he larger than t 600 mV. However. for E, > + 400 mV, 0 e\ olution i.~ excessi\ c and 
bubble formation can become a problem. Hence. the optimal v:tluc El :- t 700 r111’ ik 

specified. This value corresponds to maximal oxidative cleaning with mrnimai form;t- 
tion of 0. bubbles. 

The surface oxide formed during application of Ei in the waveform quickly result!. 
in total loss of electrode activity for carbohydrate detection. Hence, the potenttal step to 
Ei gives maximum reactivation of the electrode surface only if rill the cjsidc film is 
cathodically dissolved during the period ti. Fig. 8B shov.v< th,rr VL~/UCZ of f:: C: C- ~~~ 100 
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Fig. 8. Comparison of voltammetric responses (i-E) in deaerated 0.1 M NaOH for variation of (A) Ez and (B) 
E,. Only partial positive scans are shown. Conditions and labels: See caption to Fig. 2. Curves: (p) 
Residual, (-----) 20pM D-fructose, (.....) 20~~ sucrose. and (-.-.-) 20~~ u-glucose. 

mV effectively removes the oxide film generated at E,. The value E, = - 600 mV, while 
being sufficient for oxide removal, also avoids any possibility for fouling of the electrode 
by oxidative reaction of reducing sugars. However, research results indicate virtually no 
fouling of the Au electrode by oxidation of aldehydes in the region N -0.6 to - 0.3 V 
(see Fig. 2, wave E). This observation is indicative of very weak adsorption of the 
carboxylated detection products which is undoubtedly the result of the hydrophilic 
nature of this anionic group. Data in Fig. 8B indicate that E, = - 300 mV is sufficient. 
Other evidence supporting this choice for E, is the rise in the background current in Fig. 
8B as the potential proceeds from -0.6 to -0.3 V. This wave is attributed to the 
formation of a partial monolayer of hydrous oxide on the Au surface, i.e., Au- 
(H,O),,, + Au-OH + H’ + eP (ref. 15). Hence, the step from E, to E, = - 300 mV 
corresponds to the reaction H+ + e-- Au0 + Au--OH, and the necessity of reforming 
this hydrous oxide following the step to E, is partially avoided. This results in smaller 
background signals with the benefit of enhanced stability and reproducibility. 

The time periods for application of the oxidative cleaning pulse (tJ and the 
cathodic reactivation pulse (tJ cannot be considered independent of the choices of E, 
and E,. A larger amount of oxide is formed for a constant t> if E, is made more positive; 
hence, a larger t, (for constant EJ or a more negative E, (for constant t3) might be 
justified to achieve complete oxide removal. The optimization of four interdependent 
parameters can be exceedingly time consuming. We have determined for Ez = + 700 
mV that t, = 120 ms is adequate for oxidative cleaning of Au surface. Chronoampero- 
metric data are shown in Fig. 9 for the process of oxide formation (peak A) during the 
120-ms period, following the step from E, = + 150 mV to E, = + 700 mV, and the 
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Fig. 9. Chronoamperometric response (i t) obtained with the optimized p.a.d. waveform (Table IB. PEDI 
for Au electrode in 0. IM NaOH following the (A) positive and (B) ncgativc potential steps 
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Fig. 10. Comparison of I.c.~-p.a.d. results for reactivation periods ir;t 01 (Ai 120 rns and (B) ?h(l ms 
Conditions and labels: See caption to Fig 7. 
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process of cathodic removal of the oxide following the step to E, = - 300 mV (peak B). 
This data indicates complete removal of the oxide within a 360-ms period. Hence, the 
optimal value for t, is recommended as being 3t,. Other research indicates this choice 
allowed for latitude in the selection of E, within the range + 600 to + 800 mV. 

Chromatographic results obtained with t, = 120 ms are compared in Fig. 10 for 
t,/t2 = I (curve A) and t,/t, = 3 (curve B). Curve A corresponds to an injection made 2 h 
after initiation of the p.a.d. waveform. The baseline drift in curve A is attributed to the 
consequence of incomplete oxide reduction for t, = 120 ms. Curve B corresponds to an 
injection made only 10 min after initiation of the p.a.d. waveform. Without doubt, the 
steady baseline in curve B is more desired than that observed in curve A. 

With incomplete oxide removal at E,, a finite rate for continued oxide reduction 
continues with application of E,. Hence, a background signal persists which is sensitive 
to all factors influencing the rate of oxide reduction, e.g., temperature and pH. Another 
result of inadequate oxide removal is a decreased analytical signal because the electrode 
surface is not fully utilized for the detection process. These factors have also been noted 
in the determination of amino alcohols by l.c.Pp.a.d.‘O 

Efect ofpH andorganic modiJiers. -All carbohydrates that lack a formal charge 
are weakly acidic with pK, values in the range of - 12-14. Under alkaline conditions, 
carbohydrates are readily separated in highly efficient anion-exchange columns, and the 
order of increasing k’ correlates approximately with decreasing values of pK, for some 
carbohydrates. Therefore, chromatographic separations are controllable via changes in 
pH, ionic strength, and organic modifiers. 

Fig. 11. Effect of pH on voltammetric i-E response of of the Au r.d.e. in O.lM NaNO,. Conditions: See 
caption to Fig. 2. Solution pH: (-- ), pH 14; (.....), pH 13; (-,,.-), pH 12; (-----), pH 1 1; and (-.--), pH 7. 
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Fig. 12. L.c.--p.a.d. peaks for seven carbohydrates with detection made (A) in the absence and (B) in the 
presence of 10% acetonitrile added in the mobile phase. Conditions: Column, CarboPac-PA I; mobile phase, 
30 IIIM NaOH at 0.5 mL min’; post-column reagent at 0.5mL mini’, (A) 0.2M NaOH and (B) 0.2M 

NaOH/20% acetonitrile; and injection volume, 5OpL. Peaks: (a) o-glucitol. 1.6 nmol; (b) L-fucose, 1.9 nmol; 
(c) y+dactosamine, 1.5 nmol; (d) o-glucose, 1,9 nmol; (e) N-acetyl o-galactosamine, 2.5 nmol; (f) D- 
fructose, 3.1 nmol; and (g) sucrose, 2.3 nmol. 

containing (a) D-glucitol, (b) L-fucose, (c) D-galactosamine, (d) D-glucose, (e) N-acetyl- 
D-galactosamine, (f) o-fructose, and (g) sucrose. Curve A represents the post-column 
addition of pure 0.1~ NaOH, whereas curve B is for post-column addition of 0.2M 

NaOH/20% acetonitrile. The response for the majority of the sugars is severely atten- 
uated by the presence of the acetonitrile, with a decrease as large as 97% for sucrose. The 
single exception for this mixture is D-galactosamine whose signal was moderately 
attenuated by the acetonitrile. The persistence of the signal for D-galactosamine is the 
beneficial result of the ability of the amine group to adsorb in spite of the presence of 
acetonitrile on the oxide-free Au surface. In the case of N-acetyl-D-galactosamine, the 
loss of signal in the presence of acetonitrile is indicative of the weakness (or absence) of 
amine adsorption as a result of steric hindrance from the acetyl group. 

Quantitativeparameters. - L.c.-p.a.d. data for separation of five carbohydrates 
are shown in Fig. 13 to illustrate the response for 100 pmole of each carbohydrate (+M 

in each 25,uL injection). The optimum parameters from Table I were used for the p.a.d. 
waveform. Table III lists the quantitative aspects of the detections on the Au electrode 
in 0.1~ NaOH. Regression analysis of calibration data for these carbohydrates in- 
dicates they give linear response from their limit of detection (LOD) up to 1,000 pmoles 
(40,~~). Response above 1,000 pmoles was not tested; however, results from the study of 
pH effects on linearity (Table II) showed that response for D-glucose was linear to 10 000 
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QuantGative parameters for live carbohydrates at an Au electrode rn I). 1~ NaOkl 
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Fig. 14. Chromatogram of 10 pmole ofD-glucose. Conditions: Same as Fig. 6, except mobile phase was 0.2M 

NaOH, and all waveform potentials were reduced by 20 mV. 

Fuc 

Fig. 15. Chromatographic separation using optimized l.c.-p.a.d. conditions of sample containing 10 pmoles 
each of L-fucose (Fuc), D-galactosamine (GalN), D-glucosamine (GlcN), D-galactose (Gal), o-glucose (Glc), 
and D-mannose (Man). Conditions: Same as Fig. 6, except mobile phase was 20mM NaOH, and all waveform 
potentials were increased by 40 mV. 




